Abstract-Supermarket refrigeration consumes substantial amounts of energy. However due to the thermal capacity of the refrigerated goods, parts of the cooling capacity delivered can be shifted in time without deteriorating the food quality. In this paper we introduce a novel economic-optimizing MPC scheme that reduces operating costs by utilizing the thermal storage capabilities. In the study we specifically address advantages coming from daily variations in outdoor temperature and electricity prices but other aspects such as peak load reduction are also considered. An important contribution of this paper is also the formulation of a new cost function for our proposed power management system. This means the refrigeration system is enabled to contribute with ancillary services to the balancing power market. Since significant amounts of regulating power are needed for a higher penetration of intermittent renewable energy sources such as wind turbines, this feature will be in high demand in a future intelligent power grid (Smart Grid). Our perspective is seen from the refrigeration system but, as we demonstrate, the involvement in the balancing market can be economically beneficial for the system itself, while delivering crucial services to the Smart Grid. We simulate the system using models validated against data from real supermarkets as well as weather data and spot and regulating power prices from the Nordic power market.
I. INTRODUCTION
In Denmark around 4500 supermarkets consume more than 550,000 MWh annually. This corresponds roughly to 2% of the entire electricity consumption. The installed cooling capacity equals an electrical wattage ranging from 10 to 200 kW depending on the supermarket size. The refrigerated goods make up a large capacity in which energy can be stored in the form of "coldness". Due to the simple hysteresis control policy most commonly used today, a large unexploited potential for energy and cost reductions exists. Preliminary investigations have been carried out in [1] , [2] , and in this paper we further analyse this in a realistic setting. Furthermore a novel formulation of the cost function enables the supermarket refrigeration system to benefit from the enablement of flexible power consumption.
To obtain an increasing amount of electricity from intermittent energy sources such as solar and wind, we must not only control the production of electricity but also the consumption of electricity in an efficient, flexible and proactive manner. In contrast to the current rather centralized power generation system, the future electricity grid will be a network of a very large number of independent power generators. The Smart Grid is the future intelligent electricity grid and is intended to be the smart electrical infrastructure required to increase the amount of green energy significantly. The Danish transmission system operator (TSO) has the following definition of Smart Grids which we adopt in this work: "Intelligent electrical systems that can integrate the behavior and actions of all connected users -those who produce, those who consume and those who do both -in order to provide a sustainable, economical and reliable electricity supply efficiently" [3] . In this paper we utilize the flexibility of the refrigeration system to offer ancillary demand response to the power grid as regulating power. Different means of utilizing demand response have been investigated in an increasing number of publications e.g. [4] - [7] for plug-in electrical vehicles and heat pumps and in general concerning price elasticity in [8] .
Our proposed control strategy is an economic optimizing model predictive controller, economic MPC. Predictive control for constrained systems has emerged during the last 30 years as one of the most successful methodologies for control of industrial processes [9] and is increasingly being considered to control both refrigeration and power systems [10] , [11] . MPC based on optimizing economic objectives has only recently emerged as a general methodology with efficient numerical implementations and provable stability properties [12] - [14] . We have previously introduced economic MPC in [15] to control a power management scheme for large power consumers such as supermarket refrigeration systems. The economic MPC has the ability to adjust the power consumption profile to the power supply. The thermal capacity is utilized to shift the load in time, while keeping the temperatures within certain bounds. These bounds are chosen such that they have no impact on food quality. We exploit the fact that the dynamics of the temperature in the cold room are rather slow, while the power consumption can be changed rapidly. Utilizing load shifting capabilities to reduce total energy consumption has also been described in e.g. [16] - [18] . In the simulations that will be presented in this paper, we use models, parameters and temperatures verified against data logged from real supermarkets, along with electricity prices from the NordPool spot market.
Our cost function is nonlinear in the control variables but instead of doing any simplification we have chosen a nonlinear solver [19] to run the simulations. The proposed nonlinear economic MPC algorithm is not tractable for industrial hardware with limited computational resources. Hence, the contribution of this paper is to illustrate the optimal solution and potential of our approach. The study is therefore suitable for benchmarking future, more appealing algorithms. However it should be kept in mind, that the slow dynamics of the system allow for long sample times and therefore, increased complexity of the controller. Robustifying against uncertainties in predictions and models as in [20] also degrades the cost reductions and the study in this paper is again useful for quantifying this kind of effect. This paper is organized as follows. Section II describes the physics and models used for the supermarket refrigeration systems as well as the thermal storage capabilities. In section III we formulate the economic MPC controller and in section IV the calculations needed for regulating power are given. The scenario for a realistic simulation and the corresponding results are presented in section V and in section VI we give conclusions.
II. SUPERMARKET REFRIGERATION
The supermarket refrigeration systems we consider utilize a vapor compression cycle where a refrigerant is circulated in a closed loop consisting of a compressor, an expansion valve and two heat exchangers, an evaporator in the cold storage room as well as a condenser/gas cooler located in the surroundings. When the refrigerant evaporates, it absorbs heat from the cold reservoir which is rejected to the hot reservoir. The setup is sketched in Fig. 1 with one cold storage room and one frost room connected to the system. Usually several cold storage rooms, e.g. display cases, are connected to a common compressor rack and condensing unit. Hence, the individual display cases see the same evaporation temperature whereas each unit has its own inlet valve for individual temperature control.
A. Models
The dynamics in the cold room can be described by a simple energy balance:
where U A is the heat transfer coefficient and m and c p are the mass and the specific heat capacity of the refrigerated goods, respectively. T amb is the temperature of the ambient air which puts the heat load on the refrigeration system. The states and control variables of the system are limited by the following constraints: We define the set Ω as all (Q e , T e ) that satisfy the system dynamics (Eq. (1)) and the constraints given in Eq. (3).
The work done by the compressor dominates the power consumption in the system and can be expressed by the mass flow of refrigerant (m ref ) and the change in energy content of the refrigerant. Energy content is described by the enthalpy of the refrigerant at the inlet and at the outlet of the compressor (h ic and h oc respectively). Hereby the expression in Eq. (4) is given.
where the enthalpies depend on the evaporation temperature and the condensing pressure, as stated. The mass flow can be determined as the ratio between cooling capacity and change of enthalpy over the evaporator:
All the enthalpies given here as functions of T e , P c or both are non-linear refrigerant dependent functions which can be calculated e.g. by the software package "RefEqns" [21] .
In the sequel, we adopt the approximation used forẆ c in [2] , where polynomials are fitted for the enthalpy differences and the isentropic efficiency, η is , is assumed constant within the range of operation. When a frost room is included, an extra compressor system is usually added between the frost evaporator and the suction side of the other compressors. This compressor decreases the evaporation temperature for the frost part of the system to a lower level. The work in the frost compressor is similar to what we have already described, but instead of the condensing temperature, the frost compressor sees the evaporation temperature for the cooling part at its outlet. The mass flow through the frost compressor needs to be added to the flow through the compressors from the cooling. We use the subscript F to denote variables related to the frost part.
For the studies in this paper we have collected data from several supermarkets actually in operation in Denmark. From these data, typical parameters such as time constants, heat loads, temperature ranges and capacities in both individual display cases and for the overall system have been estimated for both horizontal display cases, vertical shelving units and frost rooms. Furthermore the running compressor capacity has been monitored and from the data sheets the relation to energy consumption has been found.
B. Thermal Storage
Today, most display cases and cold rooms in supermarkets are controlled by hysteresis. Thus, maximum cooling is applied when the cold room temperature reaches an upper limit and shut off when the lower limit is reached. This control policy does not exploit the thermal capacity in the refrigerated mass and energy is consumed when it is needed instead of when it is more favorable. Several factors can, however, make it beneficial to shift the load. These include variations in outdoor temperature, fluctuating energy prices, times for restocking and night covers. Obviously several unexploited potentials exist. If peak loads can be predicted, pre-cooling can be applied such that the stored coldness helps reduce the demand at the peak time. Thereby, the entire system might be dimensioned differently, which saves money both in the installation phase and during operation. By moving part of the cooling capacity to the colder night times, overall energy consumption can be reduced since the work done by the compressor to obtain a certain evaporation temperature is dependent on the pressure difference which again depends on the temperature surrounding the condenser. In contrast, shifting loads according to fluctuations in electricity prices actually make the system consume more energy. Thus, the profitability rests upon the extra heat loss during periods when extra coldness is stored in the system is at least counterbalanced by the difference in electricity price.
It is evident from the discussion above that the potential in load shifting in large part depends on both the thermal capacity and the differences in electricity prices and outdoor temperatures. However, the rate of change of these parameters in comparison with the time constants of the cold room temperatures also plays an important role.
III. ECONOMIC MPC SETUP
A supermarket refrigeration system is influenced by a number of disturbances that can be predicted to some degree of certainty over a time horizon into the future. The controller also has to obey certain constraints for the systems, while minimizing the cost of operation. Thus, we find it reasonable to aim at formulating our controller as an economic optimizing MPC problem. Whereas the cost function in MPC traditionally penalizes a deviation from a set-point, our proposed economic MPC directly reflects the actual costs of operating the plant. This formulation is tractable for refrigeration systems where we are interested in keeping the outputs (cold room temperatures) within certain ranges, while minimizing the cost of doing so.
Like in traditional MPC, we implement the controller in a receding horizon manner where an optimization problem over N time steps (our control and prediction horizon) is solved at each sample. The result is an optimal input sequence for the entire horizon out of which only the first step is implemented. This procedure is repeated at each sample. The objective function is the cost of operation which in this case is entirely related to electricity consumption. We do not aim specifically at minimizing the energy consumption, nor do we focus on tracking certain temperatures in the cold rooms. The optimization problem is thus formulated as:
where W c (·) is the energy consumption as in section II. The MPC feedback law is the first move in Eq. (6b).
Often output constraints are soft in MPC but in this setup constraints on temperatures and capacity are made hard. In reality one could formulate a cost on cold room temperatures outside the allowable range related to the degrading of the food stuff. This cost would then be the cost on slack variables in a soft constraint. However, firstly it is not realistic that an owner of a refrigeration system will damage the food stuff, and secondly, estimating bacteria growth in refrigerated food is, in itself, a complicated study. In a stochastic formulation a feasible problem can be guaranteed using probabilistic constraints.
In the above formulation we assume perfect predictions and therefore we allow the system to go to any extreme point within the feasible region. However in reality both disturbance predictions and models of the systems are subject to uncertainties that are prone to driving the otherwise optimal solution of the economic MPC to a very undesirable solution. For refrigeration systems, such situations could be too high or too low temperatures in the cold room damaging the food stuff; emergency shut down of systems due to maximum capacity being exceeded; penalties for not fulfilling regulating power agreements or unnecessarily high operation costs. Consequently we have formulated a robust economic MPC scheme in [20] using probabilistic constraints and assumed knowledge of the probability density functions for stochastic disturbances and impulse response coefficients of the system models.
IV. FLEXIBLE POWER CONSUMPTION
In order to ensure a sustainable physical balance in the electricity system, there is a need for regulating power and various types of spare capacity. Spare capacity is production capacity or consumption made available in advance to the TSO by parties responsible for maintaining balance in the syste, in return for an availability payment. Various types of spare capacity exist. These types of capacity differ in activating velocity, amount and demands for the upholding period.
With the enablement of flexible consumption in refrigeration systems we are ready to consider other incentives to load shifting than those already mentioned in section II. In this section we formulate a framework in which the supermarkets can participate in the primary reserve (the capacity with fastest activation and shortest upholding periods).
A. Up regulating power as primary reserve:
Up regulating power is increased production or reduced consumption. Each player participates with a power amount (MW) specified on an hourly basis and is paid for making the power available to the grid (DKK/MW) regardless of the actual activation. Activation is automatic and linearly frequency dependent in the range ±200mHz. Activation is maintained for up to 15 minutes (typically 2-3 minutes) and must be fully restored after 15 minutes. Even though the activated power (MW) might be large, the delivered energy (MWh) is usually small amounts, so a possible change in spot price during the activation will have almost no effect on the economy.
Assumption 1:
Since the ambient temperature is generally much higher than the cold room temperature, the small change in temperature during an activation does not change the load,Q load = U A(T amb − T cr ) much. Hence, by assuming thatQ load = U A(T amb − T cr,start ) is constant over the activation period we are almost conservative in the calculations.
Assumption 2: In steady stateQ e =Q load Assumption 3: An activation period of maximum 15 minutes is relatively short compared to the rate of change in the disturbances (Outdoor temperature T a and electricity spot prices C el ). Thus, the cost of the energy required to reestablish the reserve following an activation is approximately the same as the amount saved during the activation.
The amount of power available for up regulation is described by:Q
whereQ reg÷ is the cooling capacity that can be released as up regulating power andQ 15÷ is the cooling need in order to make T cr stay below T cr, max for 15 minutes. During an activation the temperature in the cold room is:
Therefore:
For up regulating power there is a potential decrease in heat loss from the system if the reserve is activated. By assuming almost linear cold room temperature curves within the range we are considering for regulating power reserves, the reduced energy loss during an entire period of activation and the subsequent re-establishment can be averaged bẏ
where U A is the overall heat transfer coefficient from the cold room to surroundings and P ÷ is the probability of being activated (samples where the system is activated as up regulating power or is re-establishing after an up regulation versus the total number of samples). We also introduce a new decision variable α ÷ ∈ [0; 1], which is the amount of available up regulating power that is actually offered to the grid. Since power cannot be extracted from the stored coldness we have to introduce a constraint such that the offered up regulating power is never larger than the actual power consumption at any point of time.
B. Down regulating power as primary reserve: Down regulating power is reduced production or increased consumption. The rules of participation are equal to those described for up regulating power. The assumptions 1-3 are still in effect, however assumption 3 is the opposite. Namely that the cost of extra energy used during an activation equals the amount that can be saved following the activation.
The system can participate with down regulating power as given by:Q
whereQ reg+ is the extra cooling capacity that can be used as down regulating power andQ 15+ is the cooling capacity that makes T cr go to T cr, min in 15 minutes. Performing the same calculations as in Eq. (8)- (9) yields:
As with up regulating power, an activation of the reserve changes the heat loss from the system. This is not accounted for in the calculations above. Whereas the original cost function covers the extra heat loss caused by maintaining up regulating reserves (a decrease in cold room temperature and thereby increase in heat loss in time periods with no activation) there is no extra cost, in terms of heat loss, related to maintaining down regulating reserves. This cost only comes into play when activation occurs. Again, we assume almost linear temperature curves within the range of interest and the energy loss during an entire period of activation and subsequent re-establishment can be averaged byQ
where P + is the probability of being activated. A new decision variable, α + ∈ [0; 1], is again introduced describing the share of available down regulating power that is actually offered to the grid. The amount of down regulating power offered must be bounded such that the sum of current cooling capacity and that offered for down regulation does not exceed the maximum capacity of the system. Thus, even on a hot summer day the following has to be fulfilled:
C. Cost Function
We are now able to formulate a cost function including the effects of regulating power:
Eq. (12) Eq. (16) where '(·)' indicates the remaining parameters from Eq. (6a).
V. RESULTS
In this section we present the conditions used for simulating a realistic scenario with the supermarket refrigeration system from section II in a setting where predictions of electricity prices, regulating power prices as well as outdoor temperatures exist. We use the economic MPC controller described in section III, and for the regulating power scenarios, the cost function in section IV is employed. Results of the simulations are presented and discussed.
A. Scenario
For the study in this paper we have chosen a supermarket refrigeration system with three units attached. This roughly corresponds in size to between 1/15 to 1/5 of one of the supermarkets we have been monitoring and the capacity of the system has been scaled accordingly. The three units are very different. The shelving unit is usually used for smaller items like sliced meat and does not hold a very large mass of food stuff. The heat load is relatively high due to the large vertical opening to the surroundings. The chest display case holds larger amounts of e.g. minced meat and due to the horizontal opening, which also has a glass cover, the heat load is rather low. The frost room with insulated walls on all sides has the lowest heat load and the mass of frozen meat contained is large. For the frost room an extra compressor is added, lowering the evaporation temperature to a sufficiently lower level than the evaporation temperature in the cooling units. All three units have different demands to temperature, namely [2; 4] • C for the shelving unit, [1; 5] • C for the chest display case and [−25; −15]
• C for the frost room. The models were validated with running supermarkets in Denmark in January 2011. Electricity prices were downloaded from NordPool's hourly el-spot price for a period of one month. There is a clear trend in these data for each 24-hour period. Therefore, for each hour of the day, the average has been found and this 24-hour signal was used for the electricity price. The same was done with the availability payment for regulating power.
Temperature readings from Danish Meteorological Institute covering the same period were obtained. It has been found that by low pass filtering and detrending these data, the intra-day variations can be closely approximated by a sinusoid with a 24-hour period and a phase shift such that it peaks a couple of hours after noon. The amplitude for this period has been chosen to 3
• C.
We divide our simulations into two scenarios. One that illustrates the effect of variations in electricity prices and temperatures, and one that shows how regulating power services can be offered. Simulations are performed over at least 24 hours. An issue with MPC is that the long prediction horizons tend to make the problems computationally hard. However, due to the slow dynamics of the refrigeration system, we have chosen a sampling time of 32 minutes. Thus a prediction horizon of 16 hours is implemented with just N = 30 samples. Fig. 2 shows the simulated refrigeration system using the predicted outdoor temperature and electricity price to optimize the cost. The amplitude of the electricity price has been multiplied by four to better illustrate the effect and to reflect a scenario with variable taxes instead of the flat rate fees seen today. This is discussed in the next section. In this case the cost savings amount to 32%. If the original electricity price is used, less change in cold room temperatures can be observed and the cost savings amount to 9% in this case. With three quarters of the electricity price paid in Denmark today being flat rate taxes and fees, saving 9% on the spot price corresponds to 2.25% of the entire electricity bill. If we are only exploiting the variations in outdoor temperature, the economic MPC control scheme saves around 2% of the energy consumption.
B. Simulation
In Fig. 3 the effect of participating in the power balancing market is simulated for a selected scenario of availability payments. In this simulation the outdoor temperature is assumed constant in order to illustrate the effect of availability payments for regulation power versus the electricity spot price as clearly as possible. This simulation reveals an additional saving of up to 70% compared to the case where only the electricity spot price is used for optimization (approximately 30% for up regulation only).
C. Discussion
From the results illustrated in Fig. 2 we can conclude that the proposed economic MPC scheme has a positive effect on the costs related to operating the supermarket. Variations in outdoor temperature are utilized to minimize power consumption, whereas exploiting variations in electricity prices tends to increase overall power consumption but at a lower cost. In Fig. 2 the amplitude of the electricity price has been multiplied by four to illustrate the increase in effect gained by the power management. Today the dominant part of the price paid for electricity consists of taxes and connection fees, which are all paid as flat rate charges per MWh. This blurs the price signals from the market to the users and reduces the incentives to react to such signals. Hence, the simulation shown above with four-times amplitude on the el-spot price is an attempt to model a situation where the taxes and other fees are charged as a percentage of the actual el-spot price. This would result in a magnification instead of a smoothing of the market signals.
Obviously the flexibility is drastically reduced if the system is running near its maximum capacity just to keep the temperatures below the maximum limits on a hot summer day. It is not possible to increase consumption, whether it be for storing coldness or for down regulation due to the maximum capacity; nor is it possible to decrease consumption, since this would violate the temperature demands in the cold rooms. This situation leads to a tradeoff between saving by dimensioning a smaller system when peak loads can be reduced as described in section II and savings related to flexible consumption and regulating power.
Participating in the balancing power market also seems to be beneficial for both the power system and the supermarkets if we consider the simulation in Fig. 3 . At least at the time of the year/day where extra capacity is available and the availability payment is sufficiently high. The availability payments are observed to vary more from day to day than the spot prices. Hence, the simulation presented in this paper is just for a selected scenario. However a large potential saving has been found, meaning that there is room for deviations from the simulated scenario without ruining the business case of participating with regulating power. Furthermore it is estimated from the simulations that a supermarket can offer at least 20% of its capacity as regulating power (except at the peak load days of the year). Currently the peak demand in Denmark for primary reserves is around 60MW. With an average supermarket offering about 20 percent of its capacity, approximately 75 percent of the total needs for primary reserves could be provided by supermarkets. A single supermarket is not able to participate with sufficient capacities to place bids on the balancing market, however aggregation of e.g. chains of shops would be an obvious solution. With an increasing penetration of intermittent wind energy, the value of regulating reserves is expected to increase [22] . Thus, not only the need for regulating power but also the incentives to participate in the regulating power market increase.
VI. CONCLUSION
We have presented a power management scheme for a supermarket refrigeration system and demonstrated how an economic MPC control policy can reduce operating costs of the system. Models, parameters and other quantities used have been verified and are to scale with realistic scenarios in Denmark. Using a nonlinear MPC solver for our problem we illustrated that significant savings of up to 9-32% can be achieved by utilizing thermal storage capacities together with predictions of varying loads and energy prices. A novel formulation of the cost function flexibilities in the power consumption also revealed a potential for participating in the balancing power market with remarkable cost reductions of up to 70% as the result. The results are especially valuable for proving the concept and the new cost function in a realistic setting, but they are also useful for benchmarking future algorithms that might include computational simplifications and/or implementation of robustifying means in the economic MPC formulation.
